Abstract. Two different models accounting for the dependences of χ and g interaction parameters on both temperature and composition have been applied to different ternary polymer systems (TPS) solvent(1)/polymer(2)/polymer(3). The analyzed TPS have consisted on ten different polymer mixtures in chloroform as common solvent that can specifically interact via hydrogen bond. Experimental ternary phase diagrams determined by liquid chromatography were taken from literature. The application of the two models to the experimental data have served to obtain χij and gij interaction parameters for all the binary ij (ij = 12, 13, 23) interactions established between the three components of the system, with simplified mathematical procedures. The results have shown a fair agreement between the calculated and the literature values, at least when the model containing an empirical entropy correction is used. Moreover, the evaluated interaction parameters follow the expected behaviour as the content of the H-donor polymer in the mixture is raised and are also in good accordance with experimental viscometric data.
Introduction
An increasing interest in solving complex systems, such as polyblends [1] , nanoparticles, composites or ternary polymer systems (TPS) formed by a mixture of three polymers, through the thermodynamic analysis of phase diagrams is clearly evidenced. For example, the curing of an epoxy in the presence of thermoplastics and additives is usually followed by the evolution of their phase diagrams as the curing process goes on. The classical procedure consists on writing the Gibbs free energy function of mixture and obtaining the corresponding chemical potentials, Δμ, in each phase. Generally, the equations obtained for this kind of systems show a great complexity, and, in consequence, the values of the χ interaction parameters are usually unknown or rarely known with any certainty. To circumvent this drawback, different approximations have to be introduced in order to simplify the mathematical solution.
It is now generally accepted that in order to obtain quantitative agreement between Flory-Huggins theory and experimental observations for most polymer systems, χ interaction parameter dependence on both temperature and composition must be considered [2] [3] [4] . Sometimes the g interaction parameter (mathematically related to χ) can be expressed as a more complex function than 1/T [5] . Other g(T, composition) functions can be theoretically derived in the framework of the rigid lattice model, as Staverman [6] and Koningsveld and Kleitjens [7] , among others, have demonstrated. Nowadays it is accepted that the dependence of g on concentration mainly arises from the disparities in size and shape of the solvent molecules and the polymer segments. According to Staverman [6] , it is possible to write the functionality of g as Equation (1): (1) where c is a constant determined from Bondi studies [8] [9] [10] and D(T) accounts for the temperature dependence in the form of Equation (2): (2) On the other hand, χ→g, just when the volume fraction of component 2 φ 2 →1, or at infinite dilution of solvent, which are the conditions fulfilled by the inverse gas chromatography technique [5] , although, it is also used (Equation (3)) when analyzing the thermodynamics of the phase separation during polymerization of a thermoset system into a thermoplastic matrix [11, 12] . (3) Occasionally, and in order to adjust the experimental results, the interaction function, dependent on both temperature and composition, can be written [5, [13] [14] [15] as Equation (4): (4) where α is an empirical entropy correction [5] given by Equation (5): (5) Obviously, this new g value yields a different expression for χ, (Equation (6)) [15] : (6) Moreover, an even more complex function to express the χ temperature and concentration dependence has been found (Equation (7)) [16] : (7) where c i (i = 1, 2), D and d being adjustable parameters. Usually, the use of any of the above expressions simplifies the χ evaluation, although unfortunately, the calculated values cannot be experimentally checked, especially in complex systems. Fortunately, there are more traditional and simple systems with well-known values of the interaction parameters that can be used to judge the validity of the approximations used in the more complex and actual systems. In this regard, in recent papers, dealing with compatibility between polystyrene copolymers and other polymers in solution via hydrogen bonding [17] [18] [19] , the phase diagrams of the ternary polymer systems (TPS) have been obtained from experimental liquid chromatography data [20] [21] [22] . The achievement of χ values from liquid-liquid phase data has been considered a reliable method [16] and consists in solving the equations obtained by equating the chemical potentials in both phases in equilibrium, for all the components. To mathematically solve the equations, two of the most often used models for χ(T, φ 2 ) have been applied. The validity of the theoretical results has been judged in the light of the experimental ones, measured by viscometry and liquid chromatography [18] [19] [20] . Moreover, the adequacy and reliability of the diverse χ models has also been tested from a basic thermodynamic viewpoint.
Theory

Chemical potentials and interaction parameters
In ternary solvent(1)/polymer(2)/polymer(3) systems with polydisperse polymers, the Gibbs free energy change upon mixing n i mols of component i (i = 1, 2, 3) is given by Equation (8): (8) whereas for monodisperse polymers (or with low polydispersity index) is given by Equation (9): (9) and the chemical potentials deduced from Equation (9) are then given by Equations (10) and (11): (10) (11) and by Equation (12): 23  3  2  2  13  3  1  12  2  1  3  3  2  2  1  1   ln  ln Figueruelo et al. -eXPRESS Polymer Letters Vol.2, No.5 (2008) [313] [314] [315] [316] [317] [318] [319] [320] [321] [322] [323] [324] [325] [326] [327] [328] [329] where n i , V i and Δμ i (i = 1, 2, 3) are mol numbers, molar volumes and chemical potentials, respectively. In Equations (10)-(12) the residual contributions to Δμ i (the terms containing g 12 , g 13 and g 23 ) are ternary volume fractions φ i (i = 1, 2, 3) functions representative of binary interaction parameters. Generally, two types of ternary functions can be considered, those of the form given in Equation (13): (13) where ij represents the 1-2, 1-3 and 2-3 interactions, which are also called χ ij because when they are transformed into binary functions (concretely, χ 13 binary is deduced from χ 13 ternary by making φ 2 = 0), the classical Flory's interaction parameters are obtained, which are defined in Δμ i binary by Equation (14) [15] : (14) The other functions types adopt the following functionality shown by Equation (15) :
also named ε ij , because when they are transformed into binary functions, the parameters defining Δμ i binary are obtained by Equation (16) [15, 23] :
The interconversion between χ ij and ε ij for binary polymer systems (BPS) is achieved at constant temperature [24] through different dependences on component j concentration, χ 13 binary expressed as volume fraction φ j by Equations (17)- (20):
Finally, the substitution of Equation (20) into Equation (17) yields Equation (21): (21) which allows to evaluate g ij parameters from experimental χ ij values.
Models for interaction parameters
dependences on concentration and temperature in BPS
Model a1
In the literature is possible to find g ij values as a function of temperature and composition according to Equation (22) [5, 15] : (22) where α ij and c ij are constants for a given system and temperature interval, and D ij (T) (Equation (2)), being a and b parameters with entropic and enthalpic character, respectively [4] . According to Equation (18) , the corresponding χ ij values are given by Equation (23): (23) and according to Equation (16) the corresponding ε ij should be as given by Equation (24): (24) There are other models describing the g dependences with temperature and composition for binary polymer systems. In general it is accepted that the main reason for the g dependence on concentration arises from the disparity in size and shape between the solvent molecules and the polymer segments. Therefore, and according to Staverman [6] , the g function can be written as given by Equation (25) : (25) with D ij and c ij as previously defined. However, when this set of equations is applied to the experimental results, is necessary to introduce a new fitting empirical parameter, α ij . At high φ j values, calculated and measured binodals, spinodals and χ ij vs. φ j curves show that the empirical α ij parameter depends on temperature (Equation (26)): (26) where the parameter n may assume any sign and the relation can only describe the behaviour within a rather limited range of temperatures. As a consequence, it is arrived again at the Equation (22) with α ij dependence with T.
Model a2
Other models allow to express the g ij interaction parameters in BPS by using a less number of fitting parameters, according to Equation (27) : (27) with D ij and c ij as defined in Equation (22) . Now, the χ ij values attained are given by Equation (28): (28) This expression has been recently used to thermodynamically analyze the phase separation occurring during the polymerization of a thermoset epoxy system into a thermoplastic matrix [11, 12, 25] . According to this model and taking into account Equation (27) the following ε ij value is obtained as shown by Equation (29): (29) as well as by Equation (30): (30) which relates ε ij and χ ij in binary polymeric systems [11, 12, 25] .
Models for interaction parameters dependences on concentration and temperature in TPS
The g ij values derived with the different models for BPS have no reasons to change when ternary solvent/polymer/polymer systems are considered. In fact, in the Gibbs free energy of mixing, g ij represents the energy interchanged by one contact i-j (1-2, 1-3 and 2-3) independently of the presence of a third component (see Equation (8)). To prove this fact, next the corresponding expressions for the 1-2 interaction, as an example, will be derived.
Model b1
First of all and recalling the a1 model, the following expressions shown by Equations (31)-(34) hold in BPS:
whereas for a TPS and recalling Equations (13), (31) and (32), Equation (33) yields Equation (35):
or Equation (36):
On the other hand, from Equations (16), (31) and (32) Equation (37) can be obtained:
which is the same expression as Equation (34) since ε is identical both in BPS and in TPS, although by using their respective binary and ternary volume fractions, φ, in the corresponding calculations.
In TPS with two phases (α and β) present in equilibrium the following conditions, given by Equation (38) hold:
that applied to the present model leads to Equations (39)- (41): Figueruelo et al. -eXPRESS Polymer Letters Vol.2, No.5 (2008) [313] [314] [315] [316] [317] [318] [319] [320] [321] [322] [323] [324] [325] [326] [327] [328] [329] The terms in brackets are the corresponding χ ij and ε ij values (ij = 12, 13, 23) in phases α or β, according to the b1 model, that is, taking into account Equations (36) and (37).
Model b2
Similarly and according to the a2 model, in PBS the generic Equations (27)- (29) whereas for a TPS yields Equation (45): (45) and Equation (46) 
It is easy to prove that Equation (45) transforms into Equation (43) for BPS when φ 3 = 0 and φ 1 φ 2 /[(1-φ 1 )(1-φ 2 )] = 1; and Equation (46) into Equation (29) 
Finally, the substitution of χ 12 and ε 12 values derived with the b2 model into Equations (10)- (12) when equilibrium condition holds (Equation (38)), yields for each component of the TPS Equations (47) and (48): (48) and Equation (49) 2, No.5 (2008) [313] [314] [315] [316] [317] [318] [319] [320] [321] [322] [323] [324] [325] [326] [327] [328] [329] Again, the terms in brackets correspond to the χ ij and ε ij (ij = 12, 13, 23) interaction parameters in phases α or β derived with b2 model.
It is interesting to note that both b1 (Equation (39) or (40)) and b2 (Equation (47) or (48)) models lead to the following expressions shown by Equations (50) and (51) when φ 3 = 0 and φ 1 + φ 2 = 1, that is, in binary conditions: that are those obtained for BPS [23, 25] , evidencing the reliability of the models in spite of the mathematical complexity. The advantage of using χ(T, φ) and ε(T, φ) from models is the important reduction of the number of unknowns when mathematically solving the Equations (10)- (12) . Once equilibrium compositions of each component in both phases are known (φ i α and φ i β ), the system of equations has 12 unknowns to determine, namely: (47)- (49): D ij and c ij (ij = 12, 13, 23). In order to solve such systems, an additional number of equations must be generated, 6 in the case of b1 model and 3 in the b2 one, as it will be explained in the following.
Results and discussion
First of all, let us describe the TPS for which the calculations have been focused. They are ten polymer(2)/polymer(3) mixtures in CHCl 3 as solvent (component(1)), namely: polystyrene (PS)/poly (vinyl pyridine) (PVPy), poly(styrene-co-methacrylic acid) (PSMAA-3)/PVPy, PSMAA-6/PVPy, PSMAA-7/PVPy, poly(styrene-co-vinyl phenol) (PSVPh-2)/PVPy, PSVPh-4/PVPy, PSVPh-7/PVPy, PS/poly(vinyl pyrrolidone) (PVP), PSMAA-3/PVP and PSVPh-2/PVP; where the number following MMA or VPh indicates the percentage (% in weight) of comonomer in the corresponding copoly- Table 1 . Experimental compositions in equilibrium, φ i γ (i = 1, 2; γ = α, β), from the binodal curve and randomly generated, [17] . These diagrams have served to obtain all the phase compositions for each component through the tie-lines joining the two phases in equilibrium at the binodal or cloud-point isotherm as explained elsewhere [17, [20] [21] [22] . Next, following the methods and procedure described in the Theory section, the volume fractions φ i γ (i = 1, 2, 3; γ = α, β) have been determined for all the phases equilibria of the above TPS and are compiled in Table 1 
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Once solved the 9 equations system, the α ij , D ij and c ij (ij = 12, 13, 23) values are obtained being then possible to evaluate the 14 interaction parameters for each compositions set. In Table 2 are gathered the obtained results with b1 model for all the studied systems.
Let us now discuss the values of the interaction parameters, starting by those determined with the model b1 (listed in Table 2 ). The analysis will be done on the χ ij γ (ij = 12, 13, 23; γ = α, β) and ε ij α values since they are better known than the g ij γ parameters [24, [27] [28] [29] . In Figure 1 , the dependence of the binary χ 12 α and χ 12 β parameters with the binary
is plotted for the system CHCl 3 /PS/PVPy, as an example. For the sake of comparison, Figure 1 also shows some χ 12 values of CHCl 3 /PS from the literature [30] . The observed behaviour is the typical trend for good solvents and it seems that no disagreement takes place between experimental and theoretical values, neither with the values χ 12 0 = 0.51, 0.53 [24] or with g 12 0 = 0.543, 0.720 [24] , where the superscript 0 means infinite dilution. Similar χ 13 α and χ 13 β values (Table 2 ) are found at any composition (a narrow composition range), just slightly larger than those found in the literature: χ 13 = 0.35, 0.44 [24] . Regarding the χ 23 and ε 23 values, they appear always lower than experimental, as expected [14, 19] . The χ ij γ and ε ij γ values for the systems CHCl 3 /
PSMAA-x/PVPy with three different MAA contents are also gathered in Table 2 , showing similar behaviours to those above discussed with pure PS as component 2 but with some differences which deserve to be commented. Since no appreciable changes in the values of χ 12 α , χ 12 β , χ 13 α ,… at the diverse compositions have been found, it should be more illustrative to use mean values for the parameters; which are listed in Table 3 [14, 27] , as the MAA content is raised, probably due to hydrogen bond specific interactions between MAA (H-donor) and PVPy (H-acceptor). Moreover, for these systems, the χ 23 values can be evaluated through χ 23 = χ PS-PVPy φ PS +χ MAA-PVPy φ MAA with φ PS and φ MAA standing for the respective volume fractions of PS and MAA in the copolymer [32] . As χ PS-PVPy displays positive values and decreases with rising MAA content in the copolymer, the term χ PS-PVPy φ PS will also decrease. On the other hand, χ MAA-PVPy will have negative values, decreasing with rising MMA content as it does the term χ MAA-PVPy φ MAA . Since both terms work in the same direction, the χ 23 values will decrease with rising MAA content in the copolymer, as seen in Figure 2c and in Table 3 . The parallel increase of the K 23 viscometric parameter [17] , also plotted in Figure 2c , confirms the increasing stability of the polymer mixtures as the MMA content goes up. Finally, ε 23 values in these systems are small and positive in agreement with recently published ones [19] . Table 3 also gathers values of the interaction parameters calculated for CHCl 3 /PSVPh-y/PVPy systems at three different VPh contents. χ 12 α and χ 12 β values smoothly increase with the VPh content, except for the PSVPh-7 where they slightly decrease. In any case, the increase in χ 12 is in agreement with the decreasing [η 2 ], as shown in Figure 3a . Figure 3b depicts These magnitudes decrease up to small negative values with increasing H-donor comonomer content, whereas the K 23 viscometric parameters increase, as also seen in Figure 4 . As a summary, the results in Table 2 , obtained through the b1 [24] are fairly reflected in the corresponding data of Table 2 . In conclusion, it can be quoted that the b1 approach is a good enough procedure to describe and calculate the interaction parameters.
On the other hand, the molar volumes, V i , necessary to apply the b2 model (Equations (47)- (49)) were deduced from data on specific volumes and molar masses of the components and were previously reported [17] . The application of model b2 leads to 6 unknowns (D ij and c ij with ij = 12, 13, 23) and therefore, 6 equations are necessary to deduce them: 3 of them are generated with the original compositions φ i γ and the other three by applying randomly generated compositions u i γ . In Table 4 are gathered φ 1 α (the remaining φ i γ values have been already given in Table 1 ) and u i γ values. Once solved the 6 equations system, it is possible to obtain the 14 interaction parameters for each composition set of any system, which are compiled in Table 3 and [η2]; (b) mean interaction parameters from Table 3 ; and (c) , ε23 and K23 viscometric parameter from [17] . Symbols as in Figure 2 most appropriate, since these magnitudes use to display small positive [19] or negative [14, 26] values in blends. However, as seen before and as expected, they do not become more negative with increasing the H-donor content of copolymer neither follow the expected viscometric behaviour [17] . As a summary, obtained results from b2 model (Equations (47)-(49)) are unsatisfactory, in sharp contrast with those determined with the b1 model (Equations (39)- (41)). Probably, the main reason for these results is the fact that the α parameter is used in the b1 model but ignored in the b2 approach. As a conclusion, the obtained interaction parameters through the b1 approach are considerably better than those coming from b2 approach, in spite of the need of an additional fitting parameter in the former, an aspect long supported for binary solvent/polymer systems [33] .
Conclusions
Two theoretical approaches to calculate χ ij or ε ij and g ij interaction parameters in ternary polymer systems with specific interactions have been proposed. obtained results from b2 model (Equations (47)-(49)) are quite unsatisfactory, in sharp contrast with those determined with the b1 model, most probably due to the fact that the later model contains an empirical entropy correction (α parameter) that is ignored in the other approach. Therefore, as a main conclusion, it can be quoted that the b1 approach is a good enough mathematical procedure to describe and calculate interaction parameters, at least for the TPS here compared and for all the phase compositions assayed.
